Interest in the production of L-(؉)-lactic acid is presently growing in relation to its applications in the synthesis of biodegradable polymer materials. With the aim of obtaining efficient production and high productivity, we introduced the bovine L-lactate dehydrogenase gene (LDH) into a wild-type Kluyveromyces lactis yeast strain. The observed lactic acid production was not satisfactory due to the continued coproduction of ethanol. A further restructuring of the cellular metabolism was obtained by introducing the LDH gene into a K. lactis strain in which the unique pyruvate decarboxylase gene had been deleted. With this modified strain, in which lactic fermentation substituted completely for the pathway leading to the production of ethanol, we obtained concentrations, productivities, and yields of lactic acid as high as 109 g liter ؊1
Over the past 50 years, plastics derived from petrochemicals have become indispensable materials in our daily life. Unfortunately, most of these materials are not biodegradable, and they cause significant disposal and pollution problems for both land and sea. Metabolic engineering (2) may well be useful to solve and/or reduce such problems by enabling the low-cost production of biological polymers and polymer precursors. In this regard, a group of compounds of potential interest is represented by the polyhydroxyalkanoate polyesters accumulated by different organisms as energy reserve materials (14, 15, 22) . A different compound of potential interest is L-(ϩ)-lactic acid. In fact, lactic acid can be used for the synthesis of biodegradable polymeric materials (for a detailed review, see reference 3), and it can be produced by microorganisms during fermentation. The most important industrial microorganisms belong to the genera Lactobacillus (3), Bacillus (3), and Rhizopus (3) . During a typical lactic acid fermentation, the low pH (due to lactic acid production) has an inhibitory effect on the metabolic activities of the producing microbial cells (3, 6, 13) . The addition of Ca(OH) 2 , CaCO 3 , NaOH, or NH 4 OH to neutralize the lactic acid is a conventional operation to minimize the negative effects of undissociated lactic acid accumulation in industrial processes (3, 6, 13) . However, the neutralization of lactic acid during fermentation has major disadvantages. Additional operations are required to regenerate undissociated lactic acid from its salt and to dispose of or recycle the neutralizing cation (3, 6, 13) . All the extra operations and expense could be reduced if undissociated lactic acid could be accumulated by microorganisms able to grow and metabolize at low pH levels (the pK a for lactic acid is 3.86) (3) . Yeasts are well known to grow and survive at low pH levels, and the use of metabolically engineered strains of Saccharomyces cerevisiae expressing a lactate dehydrogenase gene (LDH) to shift the glycolytic flux toward the production of lactic acid has already been proposed (1, 10, 17) . These heterolactic engineered strains exhibit both alcoholic and lactic fermentations. Because of the production of ethanol, lactic acid production from such processes is not competitive with that from lactic bacteria, even considering the coproduct value of ethanol. Moreover, S. cerevisiae possesses three pyruvate decarboxylase (PDC) genes, and the depletion of pyruvate decarboxylase (Pdc) activity comports a severe reduction of growth ability to this yeast (20) . The Crabtree-negative yeast Kluyveromyces lactis possesses only one PDC gene, (5) and, thanks to well-established protocols for genetic manipulations, it could represent an alternative to S. cerevisiae and produce higher levels of lactic acid. In this study, we present the development of a homolactic K. lactis yeast strain which exhibits high concentration and high productivity of lactic acid at a pH level below 5 to 5.5, the typical minimum pH range for the production of lactate by conventional microbial cells (3, 6, 13) .
MATERIALS AND METHODS
Strains and culture conditions. The K. lactis strains (derived from CBS2359 strain) used were PM6-7A (MATa, adeT-600, uraA1-1, KlPDC1) (23) and PMI/C1 (MATa, adeT-600, uraA1-1, Klpdc1::ura3). The PMI/C1 strain was isolated by treatment with 5-fluoro-orotic acid (16) from a Klpdc1::URA3-deleted strain of PM6-7A (11) . Engineered strains were tested in batch culture during growth on minimum synthetic medium (1.3% [wt/vol] yeast nitrogen base without amino acids (Difco, Detroit, Mich.), 200 mg of adenine liter Ϫ1 , and 50 g of glucose liter
Ϫ1
). Media were buffered to pH 5.5 with 200 mM phosphate buffer. Cells were preinoculated in the synthetic medium. Exponentially growing cells were inoculated in 300-ml flasks containing 100 ml of fresh medium. The flasks were incubated at 30°C in a shaking bath (Dubnoff) at 150 rpm, and fermentation was monitored at regular intervals. Cell concentration was determined with an electronic counter (Coulter Counter ZBI; Coulter Electronics, Harpenden, United Kingdom) after sonication of the samples was carried out to avoid cellular aggregates (Fisher 300 sonicator, medium point, 35% power, 10 s) (18) .
Inocula for the bioreactor were prepared by preculturing the transformed cells under the same conditions as above. Eighty milliliters of inoculum was transferred to a 14-liter stirred-tank bioreactor (BioFlo 3000 system; New Brunswick Scientific Co., Inc., Edison, N.J.) containing 8 , and 50 g of glucose liter
). The bioreactor was kept at 30°C, stirred at 400 rpm, and aerated at 2 liters min Ϫ1 throughout the process. Antifoam (Antifoam 1520; Dow Corning Corp., Midland, Mich.) was added to control foaming. When controlled, the pH was maintained by automatic addition of 14.8 M ammonium hydroxide in water. Glucose (500 g liter
) was discontinuously pulsed to the bioreactor in order to restore a glucose concentration of about 50 g liter
.
Chemostat cultures were performed in a 0.8-liter bioreactor (Biostat-Q; B. Braun Biotech International, GmbH). The cultures were kept at 30°C and pH 4.5, were stirred at 800 rpm, and were aerated at 0.8 liters min Ϫ1 throughout the process. Medium used contained 30 g of glucose liter Ϫ1 , 0.67% (wt/vol) yeast nitrogen base, and 200 mg of adenine liter
Plasmid constructs and transformation procedures.
A standard site-directed mutagenesis (25) was performed in order to introduce an XbaI restriction before the starting ATG codon of the bovine LDH cDNA (17) . The isolated DNA fragment was then inserted in the pALTER-1 vector (Promega, Madison, Wis.), yielding the pVC1 plasmid. The bovine LDH sequence, isolated as an XbaI-HindIII fragment of 1,675 bp from the pVC1 vector, was then cloned in the corresponding sites of the pBluescript II KS vector (Stratagene, La Jolla, Calif.). The KlPDC1 promoter was subcloned from vector pMD12 (11) into the SalI and XbaI sites of the pBluescript II KS vector with T4 DNA ligase by using standard procedures (21) . Escherichia coli JM110 (obtained from the American Type Culture Collection) was transformed with the two new vectors, called pKSMD8/7 and pKSEXH/16, respectively. The KlPDC1 promoter and bovine LDH gene were thus isolated as SalI-XbaI fragments, and they were ligated in vitro with T4 DNA ligase at room temperature in the presence of SalI endonuclease to favor ligation at the XbaI ends. The ligation product was then cloned into the SalI cloning site of pE1 vector (4). The URA3 marker on the plasmid allows the complementation of the K. lactis uraA1-1 mutation (9). The vector obtained, called pEPL2, was stably maintained (Ͼ95%) during growth on both selective and complex media, and the plasmid copy number was approximately five copies per cells (data not shown).
E. coli and K. lactis strains were transformed as previously described (5). LDH activity and metabolite determinations. At different times, about 10 8 transformed cells were harvested, and the L-lactate dehydrogenase (LDH) activity was determined as previously described (17) . Samples from the growth medium, obtained after removing cells by centrifugation, were analyzed for the presence of glucose, ethanol, acetic acid, and L-(ϩ)-and D-(Ϫ)-lactic acid by using diagnostic kits from Boehringer GmbH, Mannheim, Germany (kits 716251, 176290, 148261, and 1112821, respectively), according to the manufacturer's instructions.
RESULTS

Introduction of a bovine LDH into K. lactis.
We constructed the replicative vector pEPL2 containing the gene encoding the bovine LDH (LDH-A) under the control of the promoter region of the pyruvate decarboxylase gene of K. lactis. The vector, a derivative of plasmid pKD1 from Kluyveromyces drosophilarum (12) which is stably maintained in K. lactis (4) , was used to transform the K. lactis strain PM6-7A in order to drive its metabolism toward the production of L-lactic acid. Figure 1 shows the heterologous biosynthetic pathway introduced into yeast cells, along with the main pyruvate depletion pathways. The heterologous gene was cloned under the control of the KlPDC1 promoter. The choice of this promoter was based on the fact that the expression of KlPDC1 is strongly induced by glucose (5) , and the size of the promoter region used was sufficient to include all the glucose responding elements (11) . PM6-7A(pEPL2) transformants were tested for lactic acid production during growth on glucose-based media in flask cultures (Fig. 2) . At the end of the fermentation, all the glucose supplied to the engineered cells was completely consumed and the final pH value was 3.0.
Strain improvement for higher productions. Due to the coproduction of ethanol, the overall concentration, productivity, and yield of lactic acid obtained by the heterolactic strain described above were not satisfactory. Similar conclusions have been reached with metabolically engineered S. cerevisiae cells (17) . Further restructuring of the cellular metabolism could potentially divert a larger fraction of the glycolytic flux to lactic acid. In fact, it can be anticipated that improved lactic acid production might be obtained by engineering yeast strains to partially or completely replace the conversion of pyruvate to ethanol. These strains can be obtained by several methods; for instance, they can be obtained by inactivating or suppressing enzymatic activities involved in the production of ethanol (e.g., pyruvate decarboxylase activity). An example of a K. lactis strain harboring a deleted PDC gene has been reported by Bianchi et al. (5) . The strain had no Pdc activity and did not produce ethanol, but it showed a wild-type ability to grow on synthetic-glucose-based media. The ⌬Klpdc1 K. lactis strain PMI/C1 (see Materials and Methods) was thus transformed with the plasmid pEPL2. Expression of the LDH gene in this yeast strain gave higher concentrations of lactic acid than the heterolactic analogue without the formation of ethanol (Fig.  3) . In this case the final pH value was 2.95.
The performances of the hetero-and homolactic engineered strains are summarized and compared in Table 1 . With the heterolactic engineered strain, about 1 mmol of lactic acid was produced per 2 mmol of ethanol, while in the homolactic ⌬Klpdc1 strain, otherwise isogenic to the PM6-7A strain, the overall production of ethanol was completely replaced by lactic acid production. The lactate yield was increased from 0.17 to 0.46 mol per mole of glucose, a number still far below 2.0, the maximum theoretical value. Although an accurate carbon balance is unobtainable in shake-flask experiments, and taking into consideration the ethanol evaporation for the heterolactic strain, it is clear that a large part of the carbon source is used for the syntheses of other products. However, K. lactis strains are well-known producers of many organic compounds, such as organic acid esters (24) .
Moreover, we must note that the heterologous LDH activity is about 10 times higher in the PMI/C1(pEPL2) strain than in the PM6-7A(pEPL2) strain (Table 1) . This data has been validated by Northern analyses of the heterologous mRNA transcripts in the two transformed strains (data not shown) and confirms that the transcriptional activity of the KlPDC1 promoter is negatively modulated by the presence of the Pdc enzyme in a wild-type background (11) .
We then tested lactic acid production during classical chemostat cultivation. Continuous and stable production (1.5 g liter Ϫ1 h Ϫ1 ) of lactic acid has been obtained for at least 3 weeks (dilution rate, 0.1 h Ϫ1 ) by using the transformed K. lactis PMI/ C1(pEPL2) cells.
Transferring the process from laboratory scale to a productive perspective. Cloning a gene and restructuring cellular metabolism are only two of the steps required for metabolic engineering applications. Lactic acid production by PMI/ C1(pEPL2) was further tested by cultivation in a 14-liter, stirred-tank bioreactor. We used a nutrient medium based on corn steep water, which is more economical from an industrial standpoint than the synthetic yeast nitrogen base. Initial glucose concentration was 50 g liter Ϫ1 . After 48 h, glucose (500 g liter Ϫ1 ) was intermittently fed into the medium (Fig. 4) . Aeration rate was 2 liters min
Ϫ1
, and pH was maintained at 4.5 throughout the process. The maximum lactate concentration obtained was 109 g liter Ϫ1 (1.2 M) with a productivity of 0.795 g liter Ϫ1 h Ϫ1 . Under the same conditions, the transformed PM6-7A(pEPL2) strain accumulated ethanol and lactate with a shape similar to that observed in shake-flask experiments (31 and 30 g liter Ϫ1 , respectively). Since the accumulation of fermentation products should be favored by low oxygen availability, some fermentations were run at lower aeration rates (0.5 and 0.05 liters min Ϫ1 ); however, in these conditions the lactic acid production is dramatically reduced or arrested, respectively (data not shown).
We further tested different strategies of pH control. The production of lactate appears to be dependent on the pH of the fermentation mixture. The results are summarized in Table   FIG . 2. L-(ϩ)-Lactic acid production from the heterolactic PM6-7A(pEPL2) transformed strain. Batch fermentation was carried out on yeast nitrogen base medium containing 50 g of glucose liter Ϫ1 buffered at T ϭ 0 to pH 5.5, as described in Materials and Methods. Production of D-(Ϫ)-lactic acid was not detected. The LDH-specific activity was 4 to 5 U (mg of total cell proteins) Ϫ1 during the entire experiment. Final pH value was 3. s, cells per milliliter; E, ethanol (ET) production, grams per liter; F, L-(ϩ)-lactic acid (LA) production, grams per liter; and ‚, percent (wt/vol) residual glucose (Glu).
FIG. 3. L-(ϩ)
-Lactic acid production from the homolactic PMI/C1(pEPL2) transformed strain. Batch fermentation was carried out as described in Fig. 2 . The LDH-specific activity was 55 to 60 U (mg of total cell proteins) Ϫ1 during the entire experiment. Final pH value was 2.95. s, cells per milliliter; E, ethanol (ET) production, grams per liter; F, L-(ϩ)-lactic acid (LA) production, grams per liter; and ‚, percent (wt/vol) residual glucose (Glu). 2. It is important to emphasize that the total amounts of free lactic acid are higher in tests 2 and 3 than in test 1.
DISCUSSION
To the best of our knowledge, the present data represent the first example of a total replacement of a fermentation product (ethanol versus lactic acid) mediated by metabolic engineering techniques in yeast genera. The resulting recombinant yeast strain PMI/C1(pEPL2) does not produce ethanol, thus allowing lactic acid production with a higher yield than that of the yeast strain having a wild-type ability to produce ethanol (PM6-7A[pEPL2]). In this regard, K. lactis shows an interesting potential when compared with S. cerevisiae. In fact, lactic acid production from S. cerevisiae is affected by its strong inclination toward ethanol fermentation. Using a wild-type S. cerevisiae strain transformed with the bovine LDH gene, we obtained, in aerobic flask and bioreactor cultures, lactate yields of about 0.2 mol per mole of glucose consumed (17) . When heterolactic S. cerevisiae cells, transformed with the same LDH gene, are cultured in anaerobic batch cultures, the yield increases to about 0.3 mol per mole of glucose consumed (1) , and the deletion of PDC1 (one of the three PDC genes coding for pyruvate decarboxylase activity in S. cerevisiae) results in a further increase of the yields of anaerobic batch cultures, to about 0.4 mol per mole of glucose consumed (1) . All of these values are lower than those obtained with the homolactic K. lactis strain. Furthermore, it is important to remember that S. cerevisiae cells bearing deletions in all the structural PDC genes are no longer able to grow on glucose-based synthetic media (20) . This is not the case for K. lactis (reference 5 and this work), in which the pyruvate flux towards ethanol formation can be fully replaced by lactic acid production (Table 1) . However, yields obtained are still distant from the highest theoretical value (1.19 versus 2 mol of lactate per mole of glucose). This is probably due to the strong respiratory metabolism exhibited by K. lactis. Unfortunately, besides the very high LDH activity (50 to 60 U mg Ϫ1 ), low aeration rates strongly reduce or completely arrest lactate production (data not shown). One possible explanation could be related to a limitation in the secretion of lactic acid under such conditions. In fact, lactic acid can freely diffuse through the membranes only in its undissociated form (8) . Since the cytoplasmic pH value in yeast cells is much higher than the lactic acid pKa value (i.e., 3.86), almost all of the lactic acid produced is in the dissociated form and has to be actively transported outside the cells. A simple reduction of lactic acid transport will inevitably lead to an increase of the cytoplasmic lactate concentration, inhibiting LDH activity and leading to the reduction or arrest of lactate production.
The same phenomenon could be responsible for the reduction of lactate production observed when the pH value of the medium is much lower than the lactic acid pKa value (Table 2 ). In fact, below this pH value, the undissociated form becomes predominant in the medium and can freely diffuse back into the cell, increasing the intracellular lactate concentration. Indeed, we proved in vitro that a lactate concentration of as low as 333 mM (30 g liter Ϫ1 ) reduces overall LDH activity by about 70%.
To further test the relevance of the lactate secretion on the overall production, we overexpressed JEN1 in heterolatic S. cerevisiae cells (19) . Jen1 is considered to be the lactate transporter in budding yeast (7) . Preliminary data showed that the overexpression of JEN1 was associated with the doubling of both lactate production and yield from heterolactic S. cerevisiae cells. Unfortunately, the lactate transporter(s) in K. lactis has not yet been identified, and further studies of lactate secretion from K. lactis cells are required.
Finally, the demonstrated concentration and production of lactic acid begins to approach those of established lactic acid microbes (19) . However, production can be obtained at pH values lower than those used by bacteria. a Lactic acid production was tested as follows: test 1, the fermentation pH was controlled at 4.5 throughout the fermentation (Fig. 4) ; test 2, the initial fermentation pH was maintained at 4.0 until 1 to 1.2 mol of ammonium hydroxide was added, then pH control was discontinued; and test 3, the initial fermentation pH was 5.0 and no neutralizing agent was added during the fermentation. The elapsed time was measured from the time of inoculation. Values are the highest measured, corresponding to the end point.
b Yield is expressed as millimoles of lactic acid produced liter Ϫ1 divided by millimoles of glucose consumed liter
Ϫ1
